The single dominant Tsw resistance gene from Capsicum chinense against the Tomato spotted wilt orthotospovirus (TSWV) is temperature sensitive, i.e. the resistance fails to function at or above 32°C. This study describes a new class of temperature-sensitive resistance-breaking TSWV isolates that induce Tsw-mediated resistance at T < 28°C but at T ≥ 28°C break this resistance. The NSs genes from these isolates were cloned and expressed to be analysed for RNA silencing suppressor (RSS) activity and the ability to induce a Tsw-mediated hypersensitive response (HR) in C. chinense and Capsicum annuum (Tsw+). Unlike in viral infection, transient expression of some of the NSs proteins at standard temperatures (22°C) did not induce Tsw-mediated HR, although varying degrees of RSS activity were observed. Attempts to express and test the NSs proteins for functionality at an elevated temperature through agroinfiltration remained unsuccessful. The NSs proteins of some TSWV resistance-breaking (RB) isolates were analysed and found to lack amino acid residues that were previously shown to be important for RNA silencing suppression and avirulence. This study describes a new class of resistance-breaking TSWV isolates that may be of importance for breeders and growers and for which the underlying mechanism still remains unknown.
Introduction
Tomato spotted wilt virus (TSWV) is the type species of the genus Orthotospovirus within the family Tospoviridae. Together, Tospoviridae, along with the families that are formed from eight 'up-graded genera' and newly proposed families that contain plant viruses of the former floating genera Tenuivirus and Emaravirus, make up the new order of Bunyavirales (https://talk.ictvonline.org/ taxonomy/).
In mammals, the animal-infecting members of the Bunyavirales encounter interferon-induced and adaptive innate immune responses that normally help to clear the viral infection (Hollidge et al., 2011) . In plants, orthotospoviruses also encounter a two-tier immune system: the (relatively slow) onset of antiviral RNA silencing (RNA interference, RNAi) and also effector-triggered immunity (ETI), mediated by single dominant resistance (R) genes (de Ronde et al., 2014; Hedil & Kormelink, 2016) . While RNA silencing acts against all plant viruses, R genes generally confer resistance to specific virus species only. The major class of R genes encode NBS-LRR proteins that directly or indirectly perceive the presence of a specific viral protein, named avirulence (Avr) determinant or effector. Upon recognition, a resistance response is triggered that usually includes an additional hypersensitive response (HR). The latter is basically a programmed cell death response (PCD; necrosis) and easily visualized by the formation of necrotic lesions on leaves at the site of virus entry (Moffett, 2009; de Ronde et al., 2014) .
Tomato spotted wilt orthotospovirus ranks among the most economically important plant viruses (Scholthof et al., 2011) . So far, only two single dominant resistance genes are available for commercial resistance breeding against this virus, Sw-5b from tomato and Tsw from Capsicum (Brommonschenkel et al., 2000; Jahn et al., 2000) . The Sw-5b gene has been cloned and encodes a coiled-coil, nucleotide-binding, leucine-rich repeat domain (CC-NB-LRR) protein that is triggered by the TSWV cell-to-cell movement protein (NSm; Spassova et al., 2001; Hallwass et al., 2014; Peiro et al., 2014) . The Tsw gene has been cloned very recently and also encodes a CC-NB-LRR protein that in this case is being triggered by the NSs RNA silencing suppressor (RSS) protein (de Ronde et al., 2013; Hedil & Kormelink, 2016; Kim et al., 2017) . Although initial studies indicated that NSs proteins from natural resistance-breaking isolates of TSWV have lost avirulence and RSS activity (de Ronde et al., 2013) , triggering of Tsw-based resistance in Capsicum does not require a functional RSS, as shown by a recent screen of NSs alanine substitution mutants (de Ronde et al., 2014) .
In general, dominant resistance proteins against different plant pathogens display temperature sensitivity and do not provide resistance above a certain temperature threshold. This temperature threshold differs between R proteins (Zhu et al., 2010) . For instance, the N gene product from Nicotiana glutinosa only provides resistance against Tobacco mosaic virus (TMV) at temperatures below 28°C, while the Rx1 resistance protein from potato provides resistance up to 30°C (Wang et al., 2009) . Basal defence genes of dominant resistance in the Toll/Interleukin 1 receptor (TIR)-NB-LRR class, such as EDS1 and PAD4, are also indirectly affected by temperature. Interactors of the resistance proteins, such as the defence-related hormone salicylic acid (SA) that is involved with systemic acquired resistance, are downregulated at 28°C in comparison to 22°C (Wang et al., 2009) . The Tsw resistance gene does not provide resistance at a temperature of 32°C or higher in either the original host Capsicum chinense, or in Capsicum annuum into which the gene has been introgressed (Moury et al., 1998) , whereas the antiviral RNAi pathway seems to be up-regulated at elevated temperatures (Zhang et al., 2012) .
Although some plant viruses are less fit at elevated temperatures, higher rates of infection and virus titres have been observed for TSWV (Soler et al., 1998) . When interacting with the host Tsw R gene, most TSWV isolates are classified as either a typical wild type, also called resistance-inducing (RI), or a resistance-breaking (RB) isolate. This study describes the identification and characterization of a new, third class of isolates whose ability to trigger HR is temperature-dependent, unlike the TSWV RI and RB isolates previously described (de Ronde et al., 2013) .
Materials and methods

Virus and plant material
Eleven different virus isolates of TSWV were used this study: Br01, Vir171, Vir128, Vir130, Vir131, Vir164, Vir169, It98, p272, p166 and Ve427 (Table 1 ). All resistance-breaking isolates were collected from C. annuum cultivars that contained the Tsw resistance gene. The last three isolates were earlier described by Margaria et al. (2007) . TSWV isolates were maintained on Nicotiana benthamiana by serial passaging (maximum of five times) using mechanical inoculation (de Avila et al., 1993) and systemically infected leaves were frozen at À80°C. Besides the resistant C. chinense, two genotypes of C. annuum were used throughout the study: a TSWV-susceptible cultivar (TswÀ), and a TSWV-resistant cultivar (Tsw+). Nicotiana benthamiana was used as the host for the RNA silencing suppression assay. All plants were grown and maintained under greenhouse conditions with a 16 h light/8 h dark regime at 22°C, 28°C or 32°C.
Amplification and sequence verification of NSs genes
Total RNA was isolated from (systemically infected) leaves using TRIzol following the manufacturer's protocol (Invitrogen). From the total RNA, 0.5 lg was used as a template for firststrand cDNA synthesis and subsequent PCR amplification of the NSs gene, employing the following primer sets: NSs-Fw (5 0 -C CGTCGACATGTCTTCAAGTGTT-3 0 ) and NSs-Rv (5 0 -GGC GGCCGCTTATTTTGATCCTGAA-3 0 ). For cloning purposes, the forward (Fw) primer contained a SalI restriction site, and the reverse (Rv) primer contained a NotI restriction site, both at the 5 0 end (highlighted by underlining). PCR amplification was performed using Phusion high-fidelity Taq DNA polymerase, according to the manufacturer's instructions (Finnzymes; Thermo Scientific), with an annealing temperature of 55°C. Amplified DNA products were resolved on a 1% agarose gel and fragments corresponding in size to the NSs gene were gel purified and subsequently cloned into the pJet vector (Thermo Scientific). Positive clones were selected and verified by sequence analysis.
Cloning of NSs in destination vectors
For transient expression of TSWV NSs, the highly translatable pEAQ-HT vector system was used (Sainsbury et al., 2009) . To this end, coding sequences for NSs were recloned by SalI/NotI excision from the pJet vector constructs into SalI/NotI-digested pEntr11-ccdB (from which the ccdB gene was removed by EcoRI digestion). Positive clones were selected and verified by sequence analysis, and subsequently used for transfer of the NSs gene insert via an LR reaction into a Gateway (Invitrogen)-compatible pEAQ-HT-pDest1 destination vector (Sainsbury et al., 2009) for the HR-induction assay and into the Gatewaycompatible pK2GW7 destination vector (Karimi et al., 2002) for the RNA silencing suppression assay. The clones obtained were transformed into Agrobacterium tumefaciens 1D1249 cells (pEAQ-HT), containing helper plasmid pCH32 (Hamilton et al., 1996) , and into the A. tumefaciens LBA4404 cells (pK2GW7). Agrobacterium-infiltrated N. benthamiana leaves were collected at 5 days post-infiltration (dpi) and tested for expression of the transgenes by immunoblot analysis of leaf samples, as previously described by de Ronde et al. (2013) . The entry vectors carrying the NSs gene were also used to clone the genes into a Gatewaycompatible Tobacco rattle virus (TRV) expression vector (Liu et al., 2002) . Constructs were subsequently transformed into A. tumefaciens LBA4404 cells for agroinfiltration.
Agrobacterium transient transformation assay (ATTA)
An ATTA was performed according to the protocol of Bucher et al. (2003) , with slight modifications. In brief, A. tumefaciens was grown overnight at 28°C in LB3 medium containing appropriate antibiotic selection. From this culture, 600 lL were freshly inoculated into 3 mL of induction medium and grown overnight. Strain A. tumefaciens 1D1249 (Wroblewski et al., 2005) with helper plasmid pCH32 (Hamilton et al., 1996) was grown under 1.25 lg mL À1 tetracycline selection, whereas A. tumefaciens LBA4044 (Ooms et al., 1982) was grown under 20 lg mL À1 rifampicin selection. Additional strains used during this study were COR308 (Hamilton et al., 1996) , selected with 2 lg mL À1 tetracycline, and AGLO and AGL1 (Lazo et al., 1991) , selected with 20 lg mL À1 rifampicin and 100 lg mL À1 carbenicillin, respectively.
Serological detection of virus and proteins
Tomato spotted wilt orthotospovirus presence and titre were determined by ELISA using systemically infected leaf extracts from Capsicum species (10 days post-inoculation, dpi) and N. benthamiana plants (7 dpi). Leaf extracts were prepared in phosphate-buffered saline (PBS)-Tween buffer (1:3, w/v) and ELISA was performed using a double-antibody sandwich (DAS) format according to de Avila et al. (1993) . Absorbance values were measured at 405 nm using a Fluorstar plate reader (BMG Labtech) 30 and 50 min after addition of the substrate. The expression of TSWV NSs proteins was analysed by western immunoblot analysis using polyclonal antisera against TSWV NSs, as described previously (Kormelink et al., 1991) .
HR-induction assay
To test the cloned NSs constructs for their ability to elicit the Tswmediated HR response, an ATTA was performed with A. tumefaciens carrying the pEAQ-HT vector containing the NSs gene. A suspension with a final optical density at 600 nm (OD 600nm ) of 1.0 was infiltrated in the leaves of Capsicum plants using a needleless syringe. The results were observed at 5 dpi, with the TSWV NSs derived from the RI strain (NSs RI ) as a positive control and the TSWV NSs from the resistance-breaking isolate (NSs RB171 ) as a negative control (de Ronde et al., 2013) .
Green fluorescent protein (GFP) silencing suppression assay
To analyse for silencing suppression, N. benthamiana leaves were co-infiltrated with a functional GFP construct (Tsien, 1998) and NSs gene construct as described above, using a final optical density at OD 600nm of 0.5 per construct (1:1 ratio). A construct expressing the maltose-binding protein (MBP) was used as a negative control (Schnettler et al., 2010) , while the TSWV NSs from the RI strain (NSs RI ) was used as positive control (de Ronde et al., 2013) . Infiltrated leaves were monitored for GFP expression at 5 dpi using a hand-held UV lamp. For the quantification of GFP fluorescence, leaf discs with a diameter of 1 cm were taken from the infiltrated leaf area and the number of fluorescence units was measured using a microplate reader from Fluorstar Optima (BMG Labtech).
TRV-infections
To initiate a TRV infection, an ATTA was performed on N. benthamiana plants with A. tumefaciens carrying the TRV-replicon containing the NSs or phytoene desaturase (PDS) genes (Liu et al., 2002) . Inoculated and upper, noninoculated (systemically) infected material was collected at 6 dpi as source inoculum for mechanical inoculation on resistant Capsicum plants using carborundum powder. The challenged plants were incubated at 22 and 28°C and were observed daily for 2 weeks.
Multiple sequence alignment
The sequences of the NSs clones were aligned using the CLUS-TALW algorithm. The NSs sequences described by Margaria et al. (2007) in relation to Tsw-mediated resistance (NSs Br20-RI, NSs Ve430-RI, NSs 170-RI, NSs p105-RI and -RB) were included, together with a set of random NSs sequences collected from GenBank: Br20-RI-NSs (DQ915948); Ve430-RI-NSs (DQ3 76184); p170-RI-NSs (DQ431237); p105-RI-NSs (DQ376178); p105-RB-NSs (DQ915946); Bulgaria-NSs (P26003); M-NSs (AY870391); T-NSs (AY870392); LAS2-NSs (FR692831); NC-1-NSs (AY744476); P100-NSs (FR692840); RRTFT-NSs (FR693030); S006-NSs (FR693032); YN-NSs (JF960235); P267-NSs (DQ376180) and P330-NSs (HE600702). Alignments of NSs were edited using the BIOEDIT program (Hall, 1999) .
Results
Phenotyping TSWV isolates in relation to Tsw-based resistance
Tomato spotted wilt orthotospovirus isolates tested for their ability to induce or break Tsw-mediated resistance are listed in Table 1 . The wildtype TSWV Br01 isolate was included as a RI reference strain. Under standard greenhouse conditions (22°C) some isolates, Vir131, Vir169, Vir171, p272 and Ve427, did not trigger an HR, but caused a systemic infection with symptoms in C. chinense and resistant C. annuum (Tsw+) plants ( Fig. 1a shows results from C. chinense). In contrast, the wildtype reference strain Br01 and isolates Vir128, Vir130, Vir164, It98 and p166 only induced an HR (local necrotic lesions) and no other symptoms under these conditions (Fig. 1a) . TSWV isolate p166 sometimes exhibited a unique phenotype, inducing an additional systemic HR, although this was only rarely observed. From those isolates that were able to break the resistance and cause symptoms on resistant plants (Fig. 1a) , systemically infected/top leaves were collected and the presence of the virus was confirmed by DAS-ELISA. Uninoculated top leaves from Tsw+ plants that were challenged with isolates that triggered the Tsw-resistance gene, visualized by a local HR response, were all negative when tested for the virus by DAS-ELISA. When inoculated on susceptible C. annuum (TswÀ) plants under standard greenhouse conditions, all isolates were capable of establishing a systemic infection with similar virus titres (Fig. 2 ).
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Temperature-dependent phenotype of a subset of TSWV isolates
Although isolates Vir128, Vir130 and Vir164 were collected from Tsw+ plants during field cultivation, they unexpectedly triggered an HR on Tsw+ plants under greenhouse conditions. This suggested a possible effect of temperature on the resistance response, which was investigated further. To this end, all virus isolates were inoculated on Tsw+ plants and maintained at different temperatures (22, 23, 25, 28, 30 and 32°C) . As a positive control on Tsw-mediated HR the RI reference strain Br01 was included (de Ronde et al., 2013) . While some isolates consistently revealed a resistance-breaking phenotype regardless of the temperature (from 22 to 28°C) tested (Vir131, Vir169, p272, Ve427, Vir171), other isolates surprisingly showed a resistance-breaking phenotype only at elevated temperatures (≥28°C) in C. chinense as well as C. annuum (Tsw+; Fig. 1b ; Table 2 ). The TSWV Br01 RI reference strain triggered an HR at 28 and 30°C, confirming the functionality of the Tsw-resistance gene ( Fig. 1b; Table 2 ); this indicated that the distinct resistance-breaking phenotype was due to an intrinsic (temperature-sensitive) property of these virus isolates. From here onwards, these isolates (Vir128, Vir130, Vir164, It98 and p166) are referred to as temperaturedependent resistance-breaking isolates (TempRB). TSWV isolates that systemically infected Tsw+ plants, independent of the temperature used, were renamed as absolute resistance-breaking isolates (AbsRB; Table 1 ). As expected, at 32°C, Tsw-resistance was no longer functional and all virus isolates were able to establish a systemic infection in C. chinense and C. annuum (Tsw+) plants (Table 2 ). . Photographs taken at 12 days postinoculation (dpi) show plants with systemic symptoms when the resistance is broken (Vir131, Vir169, Vir171, p272 and Ve427), or without symptoms (Br01, Vir128, Vir130, Vir164, It98 and p166) when resistance is induced. (b) Capsicum chinense (Tsw+) plants were inoculated with the same set of TSWV isolates, but were incubated at 28°C. Photographs taken at 12 dpi and show that some isolates that were previously unable to infect the resistant plants are now able to infect, producing systemic symptoms (Vir128, Vir130, Vir164, It98 and p166). Other isolates show the same phenotype independent of the temperature tested.
Conditions to trigger HR by TSWV TempRB isolates
To investigate the temperature dependency of TSWVTempRB isolates further, plants were challenged with these viruses at high temperature conditions (28 and 32°C). Once a systemic infection was established, plants were transferred to a lower temperature regime (22°C) and monitored. At 32°C, the Tsw R gene (product) is known to no longer provide resistance (Moury et al., 1998) . In agreement with this, Tsw+ plants that were challenged with the RI strain of TSWV (Br01) at 32°C and maintained at these conditions always became systemically infected (monitored at 12 dpi). Interestingly, a local HR was still induced, as evident from the necrotic leaf (Fig. 3a) , but this did not prevent the virus from establishing a systemic infection. At 12 dpi, when these plants had developed clear symptoms of a systemic infection, they were moved from 32°C to greenhouse conditions (22°C) and monitored for several days. While initially no response was observed during the first few hours after the temperature shift, in the following days a severe necrosis emerged in the top (systemically infected) leaves of the plants (Fig. 3a) . After 17 dpi, i.e. 5 days post-temperature shift, these plants collapsed due to stem necrosis (Fig. 3a) .
When the same experiment was initiated at 28°C, a temperature at which the Tsw resistance gene was still functional, HR was triggered in plants challenged with the TSWV Br01 RI isolate. When this experiment was performed using the TSWV TempRB isolates Vir128, Vir130 and It98 and AbsRB isolate Vir171, all were able to cause a systemic infection of Tsw+ plants. At 12 dpi, plants were moved to lower temperature greenhouse conditions (22°C) and monitored for another 2 weeks (data from isolate Vir128, a representative for the entire group of TempRB isolates, is shown in Fig. 3b ). During the first few days following the temperature shift, no changes were observed, in contrast to the first temperature shift experiment (32-22°C) in which Tsw+ plants were challenged with the TSWV Br01 RI isolate (Fig. 3a) . While the Tsw+ plants challenged with AbsRB isolate Vir171 showed no change in phenotype, those challenged with TempRB isolates showed necrosis at the top of the plants at 21 dpi, i.e. 9 days post-temperature shift (data not shown). In the following days the top meristem died and no new young leaves emerged from these plants (Fig. 3b) . Systemically infected leaves below the top meristem, which were formed before the temperature shift, remained seemingly unchanged throughout this time, without any signs of HR.
Not all NSs proteins from TSWV TempRB isolates induce Tsw-mediated HR upon transient expression
In order to investigate Tsw-mediated triggering of HR further, and to identify amino acid residues/domains within the NSs protein of TempRB isolates that determine the temperature-dependent RB phenotype, NSs genes from TSWV TempRB and AbsRB isolates were amplified by RT-PCR and cloned. Sequence analyses revealed high sequence (amino acid) homology among the NSs clones from each isolate. For each isolate, a representative NSs clone was selected and further cloned into the highly translatable binary expression vector pEAQ-HT, which has previously been used to study the Figure 2 Tomato spotted wilt virus (TSWV) titres on susceptible Capsicum annuum plants analysed by ELISA. Susceptible C. annuum plants (TswÀ) were inoculated with all TSWV isolates described and kept at greenhouse conditions (22°C). At 10 days post-inoculation, systemically infected leaves were collected and virus titres were measured by DAS-ELISA using aN antiserum. Absorbance (405 nm) was measured at 50 min post-substrate addition. The error bars represent standard deviations of three repetitions. 
Not all TSWV TempRB NSs proteins suppress RNA silencing upon transient expression
To verify whether NSs proteins, derived from the various TSWV TempRB and AbsRB isolates, were able to suppress RNA silencing, the NSs genes were cloned in the binary expression vector pK2GW7 and transformed into A. tumefaciens LBA4404, as previously described (de Ronde et al., 2013) . Nicotiana benthamiana plants were coinfiltrated with Agrobacterium carrying the NSs gene construct and Agrobacterium carrying a functional GFP construct (de Ronde et al., 2013) in a 1:1 ratio. At 5 dpi, the plants were monitored for GFP expression using a hand-held UV-lamp (Fig. 4b) and by spectrometry to quantify the amount of GFP fluorescent units (Fig. 4c) . The majority of the constructs tested did not match the controls RI NSs BR01 (AVR+/RSS+) and AbsRB NSs 171 (AVRÀ/RSSÀ) that had been tested and described before (Table 3; de Ronde et al., 2013) . Interestingly, NSs gene constructs that tested negative on HR-induction and low on the suppression of GFP silencing (TempRB NSs 130 and NSs p166 ) consistently exhibited low levels of RNA silencing suppression (RSS) activity getting near the level of the negative control MBP (Fig. 4b,c) . The expression of NSs during assays to test for both HR-induction and RSS activity was confirmed for TempRB NSs 130 indicating that protein expression levels were normal (Fig. 4d) . Furthermore, some results were Figure 3 Effect of temperature shift after systemic infection of resistant Capsicum annuum plants. (a) Resistant C. annuum (Tsw+) plants were inoculated with Tomato spotted wilt virus resistance-inducing strain Br01 (TSWV-RI) at 32°C, at which the resistance is no longer functional, and were moved to 22°C at 12 days post-inoculation (dpi) when a systemic infection was visible. At 5 dpi, i.e. before the temperature shift, an hypersensitive response was visible on leaves local to the inoculation site, which finally led to leaf abscission (see arrow, pointing to abscised necrotic leaf), although this did not prevent the virus from moving systemically. Within a few days after the temperature shift, the entire systemically infected top of the plant died due to necrosis. (b) Resistant C. annuum (Tsw+) plants were inoculated with temperature-dependent resistancebreaking (TempRB) TSWV isolate Vir128 (with resistance-inducing (RI) and absolute (temperature-independent) resistance-breaking isolates (AbsRB) isolates as controls) at 28°C. At 12 dpi, these plants were systemically infected and were transferred to 22°C. From 5 days posttemperature shift and later, newly formed tissue became necrotic and meristematic tissue died from necrosis.
Plant Pathology (2019) 68, 60-71 unexpected ( Fig. 4b,c; Table 3 ), e.g. NSs from the AbsRB Vir169 (NSs 169 ) was able to induce HR, but was not able to suppress RNA silencing measured by quantification of GFP fluorescence (Fig. 4c) , similar to resistance-breaking isolates reported earlier (de Ronde et al., 2013 (Fig. 4b,c; Table 3 ). Interestingly, all virus isolates from this study possessed RSS activity during a viral infection in locally infected leaves that were coinfiltrated with a binary GFP construct (de Ronde et al., 2013; data not shown).
A challenge to functional analysis of NSs proteins from TempRB isolates at elevated temperatures
To analyse the TempRB NSs proteins for RSS activity and their ability to induce Tsw-mediated HR at 28°C, the experiments described above were repeated at 28°C. However, attempts to establish a system for this at a higher temperature, using NSs gene constructs from the positive control RI (TSWV Br01, NSs RI , AVR+/RSS+), the negative control AbsRB (NSs 171 , RSSÀ/AVRÀ) and MBP, failed. While the negative controls gave results as expected, at 28°C no HR was observed on Tsw+ plants using the positive control NSs RI (Fig. S1a) . Even when plants were first agroinfiltrated at 22°C and kept for short times (up to 24 h) before being moved to 28°C, no HR was observed with NSs RI (data not shown). Likewise, experiments failed to establish a system to screen for RSS activity at elevated temperatures ( Fig. S1b; de Ronde et al., 2013) . All attempts to improve the outcome (i.e. positive outcome with the positive control) by applying different temperature conditions during the agroinfiltrations (Fig. S1c) , the use of other Agrobacterium strains (de Ronde et al., 2013) or agroinfectious TRV clones, failed. Together, these data indicated that the transient transformation using Agrobacterium at elevated temperatures, rather than expression of the GFP/ NSs transgene, seemed to be the cause of failure, as also reported by Dillen et al. (1997) , and prevented the testing of all other NSs proteins from TempRB and AbsRB isolates at elevated temperatures.
NSs proteins from TSWV RI, AbsRB and TempRB isolates are highly homologous
To identify potential amino acids involved in the generation of TSWV AbsRB and TempRB isolates the amino acid sequences of the cloned NSs genes were determined and aligned to those of the earlier described TSWV RI and AbsRB isolates (de Ronde et al., 2013; Fig. S2 ). Next to these, 11 TSWV NSs sequences not known to be associated with Tsw-mediated resistance, randomly selected from GenBank, were included in the alignment. NSs sequences from virus isolates that were described earlier by Margaria et al. (2007) , phenotyped for their ability to induce or break Tsw-mediated resistance, were also included in the alignment. The NSs amino acid sequences were ordered according to the presence or absence of Avr activity, and amino acids previously identified to be of importance in the evolution of TSWV RB isolates (de Ronde et al., 2014) were highlighted. As expected, a high level of identity (>95%) was observed, with only a few amino acid differences among the isolates (Fig. S2) . From the new RB isolates that were classified here as AbsRB, none of the transiently expressed NSs lacked both Avr and RSS activity, in contrast to the two AbsRB NSs genes (NSs 171 and NSs 160 ) described by de Ronde et al. (2013) . The NSs 169 protein, derived from an AbsRB isolate, contained a change at amino acid position 79 from isoleucine (I) to threonine (T) (Fig. S2) , which was earlier observed for RB isolates by de Ronde et al. (2013) , and corresponded to a loss of RSS activity. However, the NSs gene from TSWV RB p166 seemed to present an exception, as it still contained I79 but was compromised in its RSS activity. The NSs proteins from AbsRB isolates that still exhibited Avr or RSS activity (NSs Ve427 , NSs p272 , NSs 169 and NSs 131 ) all contained (different) mutations throughout the entire sequence, and no amino acid residues were identified that were shared by all and distinct from NSs RI (Fig. S2) À + RI, resistance-inducing; AbsRB, absolute (temperature-independent) resistance-breaking; TempRB, temperature-dependent resistancebreaking; À, negative, +, positive, AE, partial activity.
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Virus challenge of Tsw+ plants with TSWV RI at 32°C followed by a shift to 22°C clearly showed that at the elevated temperature the R gene was in 'OFF' mode and not able to prevent a systemic infection. A shift to the lower temperature turned the R gene (product) 'ON' and enabled the sensing of Avr proteins (NSs RI ) from the TSWV RI infection previously established at elevated temperatures. As a consequence, an HR was observed in all (systemic) leaves where the virus was present. A similar TSWV RI challenge experiment performed at 28°C induced an HR, indicating the 'ON' mode of the R gene, but no HR was seen when plants were challenged with TSWV TempRB isolates at this temperature. This clearly suggests that the NSs proteins from the latter are not perceived, probably due to altered protein folding, allowing the 'escape' of the TSWV TempRB isolate. A shift to 22°C did not induce an HR in leaves infected with the TSWV TempRB isolate as rapidly as with the TSWV RI isolate in the first experiment. Instead, necrosis was observed in the apical meristem after 9 days, when the virus has normally systemically infected the young top leaves. These results suggest that Tsw-mediated resistance is only triggered by de novo synthesis of NSs from TSWV TempRB isolates at lower temperatures. NSs already synthesized at higher temperatures (28°C) is either not able to refold into a functional Avr (irreversible) or is prevented from doing so due to the protein being part of a larger protein complex. Determining the crystal structure of NSs RI and NSs (Temp)RB may provide further mechanistic insight. It is well known that temperature plays a modulating part in all aspects of the plant life cycle. Temperature sensitivity has been described for at least a few dominant R genes against different plant pathogens (de Jong et al., 2002; Wang et al., 2009; Zhu et al., 2010) and is confirmed here for Tsw-based resistance. Studies performed on the temperature-sensitive R gene N from Nicotiana glutinosa, which provides resistance against Tobacco mosaic virus (TMV), showed that mutations in the R gene sequence provide some level of temperature insensitivity, indicating that, in this case, the R protein itself is the temperature-sensitive part of the resistance mechanism rather than the downstream signalling pathway (Whitham et al., 1996) . This is supported by the observation that the N protein also exhibited temperature sensitivity when transferred to another host (tomato; Whitham et al., 1996) . In addition, the R protein no longer moved from the cytoplasm to the nucleus to signal the downstream resistance pathway at elevated temperatures, which is required for the induction of resistance and programmed cell death (Slootweg et al., 2010; Zhu et al., 2010) . Zhu et al. (2010) hypothesized that a conformational shift of the R protein from 'OFF' to 'ON' status is inhibited at high temperatures, and nuclear localization probably takes place during the 'ON' status. Besides the temperature sensitivity of R proteins, other defence-related mechanisms are also temperature dependent. For example, the expression of genes EDS1 and PAD4, associated with the TIR-NB-LRR class of R genes, is down-regulated upon increase in temperature (Zhu et al., 2010) . Also, the plant hormone salicylic acid (SA), involved in systemic acquired resistance (SAR), is affected by temperature (Wang et al., 2009) .
Although temperature seems to have a modulating effect on many biological processes, not all defencerelated pathways in plants are regulated upon temperature increase. The antiviral RNA interference pathway in plants is up-regulated at elevated temperatures, most probably through the modulation of DCL and RDR6 (Szittya & Burgyan, 2001; Qu et al., 2005; Zhang et al., 2012) . The miRNA pathway, on the other hand, does not seem to be influenced by temperature (Szittya & Burgyan, 2001) . Furthermore, several cases have been reported in which 35S promoter-driven expression appears temperature sensitive and is reduced at elevated temperatures (Wang et al., 2009) .
The multiple sequence alignment of NSs sequences did not provide clear evidence to indicate an important role of certain amino acids for either RSS activity or the ability to induce the Tsw-mediated HR. Only the codon at position 79 was previously observed to correlate with RSS and Avr activity (de Ronde et al., 2013) . Examples of virus resistance have been reported in which only one or two mutations within the Avr sequence have broken resistance (Bendahmane et al., 1995; Moffett, 2009 shown that the Tsw resistance gene positively selected for certain amino acids in the TSWV NSs sequence (Tentchev et al., 2011) , specifically isoleucine (I) at position 79. Tentchev et al. (2011) also proposed that the appearance of a resistance-breaking phenotype is probably the result of multiple independent evolutionary events, which is supported by the work of Almasi et al. (2015 Almasi et al. ( , 2017 . This is further supported by the present study, in which I79 was not the only amino acid that defined resistance-breaking phenotypes. In those (Abs)RB isolates that still contained I79, the phenotype was caused by a residue or combination of residues that were different from those highlighted by Tentchev et al. (2011) .
The identification of a class of temperature-dependent, resistance-breaking isolates raises questions about the evolution and generation of resistance-breaking isolates. The resistance-breaking isolates collected in this study were all derived from Mediterranean regions where high temperatures are more regular; although speculative, this may indicate that temperature adaptation generated the first resistance-breaking isolates (TempRB), which later evolved into temperature-independent resistance-breaking isolates (AbsRB). Whether or not AbsRB isolates evolved from TempRB, knowledge about all these isolates and their evolution will add insight on the durability of the Tsw gene-based resistance.
Data from this study also provide further support for the hypothesis that Avr and RSS activity within the NSs gene are not as tightly coupled as initially thought (de Ronde et al., 2013) , but can also be functionally separated (de Ronde et al., 2014) . The rise of TSWV isolates that can break Tsw-mediated resistance in plants but exhibit varying degrees of RSS activity raises questions about their fitness (possible negative selection pressure). However, a recent study on the ability of NSs mutants/variants to suppress systemic RNA silencing has shown that some mutants/variants that fail to suppress local silencing are still able to suppress systemic silencing and one of these originates from the AbsRB TSWV isolate 171 (Hedil et al., 2015) . In light of this, it would not be surprising if more RB isolates are found that encode an NSs protein that can still (partially) suppress systemic silencing and in that way maintain (high) levels of fitness. Recently, Margaria et al. (2014) provided evidence indicating that the NSs protein is also required for persistent infection and transmission by thrips. Considering that NSs allows the virus to counteract antiviral RNAi in plants and insects, a reduced fitness due to mutations in NSs might lead to a lowered thrip transmission efficiency. However, during studies performed by Debreczeni et al. (2015) and Roggero et al. (2002) similar transmission rates were observed for TSWV RI and RB isolates collected from the field. Nevertheless, Margaria et al. (2014) were able to generate RB strains by serial mechanical passages that contained deletions in the NSs sequence. These isolates were not impaired in the early larval stages of thrips, but lower virus titres were found in adults, which led to a loss of thrip transmission. Thus, the emergence of Tsw-breaking TSWV isolates by NSs mutations probably results from tight selection pressures that maintain the isolates' survival and dissemination by thrips under natural field conditions and preserve some viral fitness and virulence in plants.
construct in plants incubated for 0, 8, 16, 24 or 48 h at 22°C before plants were transferred to 28°C. Pictures were taken at 5 dpi. Figure S2 . Multiple amino acid sequence alignment of NSs proteins from Tomato spotted wilt virus. All NSs amino acid sequences were analysed in a multiple amino acid sequence alignment. NSs proteins that tested positive for the ability to induce Tsw-mediated HR were ordered at the top of the alignment (indicated by Avr+), followed by those lacking this ability (indicated as AvrÀ). In addition, the presence (+), absence (À) or intermediate (AE) of RNA silencing suppression (RSS) activity of each tested NSs construct is indicated. The phenotype of the NSs proteins (resistance-inducing (RI) or resistance-breaking (RB)) as described by Margaria et al. (2007) , Almasi et al. (2015) and Debreczeni et al. (2015) is shown in square brackets.
